A mammalian cell line, J774, was susceptible to both synthetic and natural photosensitising agents after irradiation with long-wave ultraviolet light. Both UV-A light and psoralen did not affect cell growth individually; a reduction in visual confluency was achieved only when psoralen and UV-A light were used in combination. The maximum visual confluency decreased by 55% when 50 ppm psoralen was added to a growing culture and irradiated with UV light for 3 min. Decreasing the UV-A exposure times from 3 min to 3 s did not greatly affect the maximum total visual confluence reached using different synthetic psoralen concentrations, but did affect the rate at which cell death occurred. The 3 min exposure time resulted in a rapid decrease in cell numbers in comparison to 3 s exposure time. Synthetic psoralen was found to have an increasing photosensitising activity with increasing concentration using a logarithmic shift between 0.5 ppm and 50 ppm. A visual confluency of 45 % was achieved using concentrations of 50 ppm psoralen, and 70% visual confluency using 0.5 ppm. Natural mixtures of furanocoumarins containing psoralens, obtained from two separate parsley sources, were found to have greater efficacy at inhibiting the growth cycle of the cells when compared to the synthetic psoralen.
Introduction
simplest member of the chemical group, has been shown to have phototoxic action against E. coli Linear furocoumarins are plant metabolites that 0157:H7, Listeria, Erwinia and Micrococcus strains belong to the phytochemical family of coumarins and (Manderfeld et al. 1997; Ulate-Rodriguez et al. 1997 ; these compounds occur predominantly in three plant Hashem and Sahab 1999) . Linear furocoumarins have families, the Umbelliferae, the Rutaceae and the also been reported to be fungitoxic ; Solanacae. Plants from the Umbelliferae family inDownum 1992; Hashem and Sahab 1999), shown clude parsley, angelica herb and parsnip, and all toxic activity against insects ; Berencontain high concentrations of linear furocoumarins baum et al. 1991) and inhibit the growth of plants (Beier et al. 1994; Ceska et al. 1987) . Linear (Downum 1992) . Ashwood-Smith et al. (1980) also furocoumarins are benz-2-pyrone derivatives with a demonstrated the lethal effects of 5 methoxypsoralen furan ring at the 6,7 position. These compounds have (5-MOP), used in some suntan preparations, on Chiphototoxic activity and are thought to be produced as nese Hamstery Overy cells when irradiated with UVpart of the plants defence mechanism against various A light. environmental stresses, such as fungi (Chappell and The biological activity of psoralen and other linear Hahlbrock 1984) .
furocoumarins against bacteria, fungi, mammalisn The inhibitory effect of linear furocoumarins cells and plant species has been attributed mainly to against microorganisms and especially bacteria has their photoreactivity towards the pyrimidine bases of been extensively studied. Psoralen, the structurally DNA. Under irradiation in the ultraviolet region the intercalated psoralen molecule can form covalent and streptomycin was added to prevent contaminabonds with pyrimidine bases. Psoralen can form either tion. Cells were cultured in a humidified incubator at monoadducts, leading to harmful effects, or bifunc-36.5 8C and gassed with a 5 % CO / air mixture to 2 tional adducts, which leads to extensive damage and maintain the pH of the medium. lethal effects to cellular components (Grekin and Experiments with psoralen were conducted in mulEpstein 1981). The result is inhibition of DNA replitiwell plates (6 well Corning Cloning plates) to allow cation and transcription (Cimino et al. 1985 ; Song and numerous samples to be processed. The wells were Tapley 1979).
filled with 2 ml of medium with a cell seeding density 5
Despite their toxic activity against a range of of 1310 cells / ml. After the cells were deemed to be biological life, psoralen, in conjunction with UV-A entering the exponential phase, the psoralen and UVirradiation, have been used for clinical treatment of A were administered. dermatological disorders since the 1970's. The treatment, known as PUVA therapy, was first described by Maintenance of Cell Culture Parish et al. (1974) and since then has been established as a clinical therapy for psorasis and vitiligo. In Cells were sub-cultured at a ratio of 1:8. The subaddition psoralen is currently being used in clinical culturing was achieved through discarding the trials for the decontamination of transfusion products, medium, and adding 1 ml of warm trypsin / EDTA such as platelet concentrates and blood plasma (Cog-(Sigma) to the side of the flask. The cells were rinsed hlan 1997; Lin et al. 1994) .
with the trypsin / EDTA, then the rinse discarded. A The lethal effects of linear furocoumarins on mamfurther 2 mls of trypsin / EDTA was added again to the malian cells, when used in combination with UV-A side of the flask and then incubated for 20 mins with light, has been recognised as a possible treatment for some gentle taping to remove the attached cells. The the destruction of tumor cells in-vivo. Localised use of trypsin was subsequently inactivated by adding 8 mls psoralen at the tumor site, combined with surgical of warm medium containing FBS. The cells were UV-A probes to irradiate the area has possibilities for dispersed by repeated pipetting and the mixture was the treatment of, for example, breast cancer. Despite added to a 50 ml centrifuge tube and centrifuged at widespread recognition of the opportunities available 900 rpm (or 146 g) for 5 min. The supernatant was for the use of the combined treatment, little work has discarded, leaving the cells. 10 ml of warm medium been conducted on determining the inhibitory effects was added and pipetted gently up and down to reof psoralen and other linear furocoumarins with UV-A suspend the cells. A 100 ml sample was taken for cell light on growing cultures of mammalians cells. This counting. The remaining cells were diluted to the study aims to provide growth curve data on a mamappropriate seeding concentration malian cell line to demonstrate the lethal effects of both a natural mixture of linear furocoumarins from Visual Confluency and Cell Counting parsley extracts and synthetic psoralen when used in combination with UV-A light. The study aims to Visual confluency was measured as the percentage of demonstrate the effect of both psoralen concentration coverage of each well with monolayer of cells, using a and UV-A exposure time on cell viability. microscope to examine the coverage. Three wells were used for each time point and measured using two independant observers. Error bars are shown on the Methods and Materials graphs for the data obtained. A classic cell growth curve was obtained using the visual confluency methAnimal Cell Line and Culture Conditions od for untreated cells. Visual confluency was used as the measurement The cell line J774, from mouse macrophage cells, was technique due to the adherent nature of the cells, used in all experiments and is anchorage dependent.
resulting in the formation of clumps when suspended Cells were grown in a low glucose variety of Dulbecusing trypsin. The cell clumps made impossible the co's modification of Eagle's Minimum Essential use of cell counting for cell viability numbers. Visual Medium (DMEM) with Foetal Bovine Serum (FBS).
confluency was measured immediately on removal 2 88% DMEM was added into a 75 cm flask together from the incubator and within a 5 min period to with 10% FBS and 1% L-glutamine. 1% penicillin prevent a pH rise affecting cell viability.
Synthetic Psoralen Addition furocoumarins. To the control samples was added the equivalent volume of alcohol. 10 mg of synthetic psoralen (Sigma) was dissolved in 2 ml of ethanol and made up to 50 ml with pure water, allowed to rest for 10 mins in the incubator before mg l ), 5 ppm (5 mg l ) and 0.5 ppm (0.5 mg l ).
UV-A light irradiation, to allow the psoralen to diffuse Multiwell plates containing 2 ml of culture medium 5 into the cell. Appropriate control samples containing were seeded with 1 3 10 cells / ml and allowed to the equivalent quantity of alcohol were also allowed grow to exponential phase after approximately 2 d.
to rest in the incubator before UV-A treatment. The On entering exponential phase 100 ml of either 0.5 UV-A light was administered using a Blak-Ray ppm, 5 ppm or 50 ppm synthetic psoralen was added, (model B100 AP) 100 watts high intensity ultraviolet allowed to rest for 10 min then subjected to UV-A lamp at a distance of 10 cm from the sample. During light for three minutes. The controls used were operexperiments conducted on the cell line, cultures were ated under identical growth conditions using alcohol taken from the incubator and UV-A irradiated for the in place of the psoralen and contained either a) no required amount of time before returning to the inpsoralen and UV-A light, b) 100 ml of 50 ppm cubator. psoralen without UV-A light, and c) UV-A light for three minutes without psoralen added. Reproducibility
Growth curve experiments were conducted in dupliDried Parsley Extracts cate, and visual confluency reading measured in triplicate for each time point by two independent obParsley (Petroselinum crispum) extracts were observers. Error bars, which represent the error limits on tained by the following procedure. Psoralens were the triplicate visual confluency readings, are shown on extracted three times with ethyl acetate from 10 g of the graphs. Where error bars are not shown the stanparsley. The extract was filtered through filter paper dard error is less than 10%. and the solvent evaporated under constant supply of nitrogen in a water bath at 35 8C until completely dry. The filtrate was then dissolved in 1 ml of HPLC grade
Results and Discussions ethanol and supplemented with distilled water to give a volume of 8 ml. The glycosidated bonds were
Effects of Psoralen and UV-A hydrolysed by taking 4 ml and adding 1 ml of 2 M HCL. The sample was neutralised with 1 M NaOH.
Experiments were conducted to determine the effects The extracts were quantified by reverse phase HPLC of synthetic psoralen, UV light and a combination of using synthetic psoralen, xanthotoxin and bergapten the two on the growth curve of J774. Visual constandards (Sigma). The parsley sample sources were fluency was measured throughout the growth curve of obtained from Bart Spices, Bristol (sample A), and the experimental wells and of each of the control from a Sainsbury's (sample B). Sample A analysed by wells. The results are shown in Figure 1 . HPLC contained 0.6 ppm psoralen, 4.6 ppm bergap-
The results show clearly that the three controls ten and 0.7 ppm xanthotoxin. Sample B contained 2.1 follow the general growth curve, whilst the cells with ppm psoralen and 2.3 ppm xanthotoxin. the psoralen and UV-A treatment have been inhibited. In each of the control experiments cell growth decreases after approximately 150 hr, presumably in Natural Linear Furocoumarin Addition response to either depletion of a growth limiting nutrient or build up of toxic by-product. However, Experiments using natural furocoumarins were treated where the cells were treated with psoralen / UV-A in a similar fashion to those treated with synthetic inhibition of cell growth occurred directly after addipsoralen. Cells were grown to exponential phase tion of the psoralen and UV-A treatment, i.e. at mid followed by addition of 100 ml of natural ml of psoralen at concentrations of 0.5 ppm, 5 ppm and 50 ppm were added to cultures and exposed to UV-A light for a fixed time of 3 min.
A clear difference is shown in Figure 2 between cultures where 0.5 ppm of psoralen was added and cultures where concentrations were above 5 ppm. The samples with 0.5 ppm added reached a visual confluence of approximately 72%, compared with 47% and 44% maximal visual confluency for 5 ppm and 50 ppm psoralen respectivily.
To measure the effect of UV-A exposure on the cell line, the UV-A exposure time was shortened. Following psoralen addition at concentrations of 50 ppm, 5 ppm and 0.5 ppm, cells were exposed to UV-A light irradiation for 3 s. Figure 3 shows the growth curves effect on cell death than that found at concentrations of 5 ppm and 50 ppm. The maximum visual conexponential phase. This immediate effect on cell fluency reached using 0.5 ppm psoralen with 3 s growth was not seen in any of the control experiments exposure time was approximately 70%, compared at this time. These results suggest that the psoralen with visual confluency of 54% and 56% for psoralen and UV-A treatment was responsible for the reduction concentrations of 5 ppm and 50 ppm respectivily. in visual confluency, which reached 45% in samples
The UV-A exposure time of 3 mins provided a treated with the combination of psoralen and UV-A more rapid decrease in cell death when compared with light. Growth of the cells in the control experiments exposure time of 3 s for each of the three concendecreased from 100% visual confluency at the end of trations of psoralen used. From the results in Figure the exponential phase following either nutrient deple-2,3 it would appear that UV-A exposure time does not tion or toxic build-up. The decrease at the end of the affect the maximum visual confluence to a great exponential phase in the control experiments was degree, but does appear to affect the rate of cell death. unrelated to the psoralen / UV-A treatment since all Under conditions of 3 min exposure time cell numbers control experiments followed identical growth curves, dropped rapidly from maximum to less than 20% including the control without psoralen, UV-A, or the combined treatment.
Psoralen and UV light as Variables of Cell Death
Psoralen and UV-A light combination clearly had a marked effect on the growth curve of J771. Both the concentration of psoralen and the exposure time of UV-A light are variables in the efficacy of the treatment. The following experiments were conducted to determine the effect of psoralen concentration and exposure time on cell death. Figure 4 , together with the growth curves of cultures treated with sample A and sample B extracts. From Figure 4 it can be seen that the growth of the cells treated with the natural plant extracts is clearly inhibited. Both growth curves treated with the natural extract achieve a similar maximum visual confluency to the cultures treated with 50 ppm synthetic psoralen. However, the rate of cell death was more rapid with the natural psoralens, and thus the extracted material appears to be more potent than the synthetic psoralen. The extract contained psoralen, as well as xanthotoxin, bergapten and possibly other furocoumarin photosensitising agents. The increased potency may be due to the combined In particular the increased exposure time from 3 s to 3 parsley samples A and B, and used to determine the min at a psoralen concentration of 50 ppm had a very efficacy of the natural plant extracts on cell death in visible effect on the rate of cell death. Increasing the comparison with synthetic psoralen. 100 ml of the concentration from 0.5 ppm to 50 ppm have a visible parsley extract was added to cultures at mid exponeneffect on the visual confluency reached, especially tial phase of growth and exposed to UV-A light for 3 with an exposure of 3 min was used. min. The growth curves of cultures treated with 50 Natural linear furocoumarins, obtained from dried parley extracts, displayed a more toxic effect on the cell line than the synthetic psoralen. Cell death was more rapid with the natural extract and visual confluency reached similar level to the synthetic psoralen, despite having a lower concentration of psorlen in the extract. The reason for the increased toxicity with the natural extract may be due to the mixture of different furocoumarins in the extract. The parsley extract was shown to have 0.6 ppm psoralen, 4.6 ppm bergapten and 0.7 ppm xanthotoxin in sample A and 2.1 ppm psoralen and 2.3 ppm xanthotoxin in sample B. Xanthotoxin has previously been shown to have the most toxic effect against biological life in comparison with both bergapten and psoralen (Berenbaum et al. 1991) . The combined effects of the psoralen, bergapten and xanthotoxin may have a more potent effect in 
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